Background Helicobacter pylori-cytotoxin-associated protein A (CagA) and gastrin are believed to play an important role in gastric carcinogenesis, but their interaction has been incompletely clear. Methods We constructed a eukaryotic expression vector pcDNA3.1/cagA and a luciferase reporter vector pGL/ gastrin promoter, and then co-transfected them into gastric cancer AGS and SGC-7901 cells. The two kinds of gastric cancer cells were, respectively, infected with cagA-positive H. pylori NCTC11637, and then the gastrin promoter activity and gastrin mRNA level were detected with a Dual-Luciferase reporter assay system and quantitative reverse transcription polymerase chain reaction (RT-PCR), respectively. Next, after the MEK/ERK and JAK2-signaling pathway inhibitors, U0126 and AG490, were used to treat the two cell lines, or the ERK1 and JAK2 genes were knocked down by siRNAs (small interference RNAs) in the two cell lines, the gastrin promoter activity and gastrin mRNA level were observed again. Results The results indicated that CagA could activate the gastrin promoter and up-regulate gastrin mRNA expression in AGS and SGC-7901 cells, but these effects could be inhibited by the inhibitors U0126 and AG490, and the CagAinduced gastrin mRNA expression was down-regulated in the cells whose ERK1 or JAK2 gene was knocked down.
Introduction
Helicobacter pylori-cytotoxin-associated protein A (CagA) and gastrin are believed to play an important role in gastric carcinogenesis [1] . Gastrin, a kind of trophic factor, is produced by gastrointestinal cancer cells and can promote cell proliferation and differentiation [2] [3] [4] . Recently, it has been found that gastrin can up-regulate the gene expression of trefoil family factor (TFF)-2 to maintain and repair the gastrointestinal mucosa [3] .
Infection with H. pylori is closely related to gastric cancer. CagA, a kind of functional protein and a virulence factor of gastric cancer, is encoded by the cag pathogenicity island (cagPAI) of H. pylori. After the human stomach is infected with H. pylori, CagA is translocated into gastric epithelial cells by the bacterial type IV secretion system, inducing responses of many cells in a tyrosine-phosphorylation-dependent and -independent manner [4] .
Recently, there have been some studies about the relationship between serum CagA and gastrin in patients with gastric cancer. Their results show that infection with H. pylori which secretes CagA can significantly raise the risk of gastric cancer, and positive rates of serum CagA and gastrin are all increased in patients with gastric cancer, demonstrating that these entities may play a role in the pathogenesis of gastric cancer [5] . Furthermore, it has been confirmed that H. pylori can induce serum hypergastrinemia and high concentrations of gastrin in patients infected with H. pylori [6] . However, to date, the relationship between H. pylori infection and gastrin has been unclear.
Some evidence has suggested that the activation of signaling plays a critical role in the development of gastric cancer. CagA can also activate multiple signaling pathways including the MEK/ERK and JAK signaling pathways [7] . Therefore, the purpose of this study was to elucidate whether and how H. pylori CagA can inducegastrin expression.
Materials and methods

Cell culture
The human gastric cancer AGS (ATCC CRL-1739 TM ) and SGC-7901 cell lines (from the Cell Bank of Chinese Academy of Sciences, Shanghai, China) were incubated in RPMI-1640 medium (Gibco, Grand Island, NY, USA) supplemented with 10% heat-inactivated fetal bovine serum (Gibco), 100 U/ml of penicillin, and 100 lg/ml of streptomycin at 37°C in a humidified incubator (NSE, Brunswick, NJ, USA) containing 5% CO 2 .
H. pylori culture H. pylori NCTC11637 (ATCC 43504, cagA-positive, from the Chinese Center of Helicobacter pylori strain Management and Preservation) was cultured on a Columbia agar plate (Oxoid Ltd, Basingstoke, Hampshire, England) containing 10% sheep blood for 48-72 h at 37°C in a microaerophilic atmosphere. Other H. pylori strains were boiled for 15 min as a negative control that was termed D-Hp.
Construction of the eukaryotic expression vector pcDNA3.1/cagA and luciferase reporter vector pGL/gastrin promoter DNA of H. pylori NCTC11637 was extracted with proteinase K and phenol. The full-length cagA sequence was synthesized by polymerase chain reaction (PCR), and then cloned into pMD18-T plasmids to construct the recombinant vector pMD18-T/ cagA, followed by sequencing. After the pMD18-T/cagA was digested with restriction enzymes PstI and BamHI, cagA was connected to pcDNA3.1/Zeo (-) (Invitrogen, Carlsbad, CA, USA) to construct the eukaryotic expression vector pcDNA3.1Zeo (-)/cagA that was termed pcDNA3.1/cagA. Similarly, the promoter fragment of gastrin was synthesized by PCR with human gastric cancer tissue as DNA template, and then directly cloned into pGL-3 basic vector to construct the reporter vector pGL/gastrin promoter that was termed pGL/GP. The primers used in this study are listed in Table 1 .
H. pylori NCTC11637 infection
After gastric cancer AGS and SGC-7901 cells were routinely incubated in 6-well plates containing antibiotic-free medium for 40 h, the inhibitor AG490 (40 lM; Sigma, St. Louis, MO, USA) of the JAK2 signaling pathway and the inhibitor U0126 (10 lM; Sigma) of the MEK/ERK signaling pathway were, respectively, added to the two cell lines to treat the cells for 2 h. Next, these cells were infected with H. pylori NCTC11637 with a multiplicity of infection (MOI) of 100. Six hours later, these cells were harvested for detecting gastrin mRNAs.
Transfection of pcDNA3.1/cagA and pGL/GP After the AGS and SGC-7901 cells had been incubated in 6-well plates for 12 h, 80% confluent cells occurred. These Gastrin Gene Expression Assay kit (ABI (Scoresby, Victoria, Australia); Assay ID Hs00174945_m1), and Human ACTB (beta-actin) served as the endogenous control (ABI; Part Number 4333762T). Crossing threshold (C t ) values of the gastrin gene were normalized to beta-actin, and then the data were calculated and analyzed by a comparative C t method [8] . Gastrin mRNA expression was expressed as a percentage relative to the control.
Protein extraction and western blotting
The harvested cells were washed with phosphate-buffered saline (PBS), and then added to 100 ll of assay buffer containing protease inhibitor cocktail (Amresco, Solon, OH, USA). Protein concentrations were determined by the Bradford method. Thirty lg of protein was loaded on 8% sodium dodecylsulfate (SDS)-polyacrylamide separating gels and run at 110 V for 2 h at room temperature. Proteins were then transferred onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, MA, USA). After sealing, the membranes were incubated overnight with rabbit polyclonal anti-CagA antibody (1:800; Santa Cruz Biotechnology, Santa Cruz, CA, USA), mouse monoclonal anti-phosphotyrosine antibody (PY99, 1:300; Santa Cruz Biotechnology), rabbit polyclonal anti-JAK2 antibody (1:500; Santa Cruz Biotechnology), rabbit polyclonal anti-ERK1/2 antibody (1:1000; CangChen, Shanghai, China), and mouse monoclonal anti-glyceraldehyde-3-phosphate-dehydrogenase (GAPDH) antibody (1: 8000; CangChen) in TBS?Tween 20 milk, respectively. The blots were then incubated with the corresponding secondary horseradish peroxidase-conjugated goat anti-rat IgG or goat anti-mouse IgG (1:5000; Santa Cruz Biotechnology) for 2 h at room temperature, respectively. Bands were visualized with the chemiluminescence reagent ECL Plus (Amersham Biosciences, Buckinghamshire, UK) using hyperfilm (Amersham Biosciences).
Luciferase reporter gene assay Twenty-four hours after co-transfection with the vector pGL/GP and control vector pRL-TK, the AGS and SGC-7901 cells were encoded with firefly and Renilla luciferase, respectively, and then transfected with pcDNA3.1/cagA or infected with H. pylori NCTC11637. Meanwhile, the inhibitors AG490 and U0126 were added to the cells. After 48 h, the cells were harvested and the luciferase activity in cell lysates was detected with the Dual-Luciferase Reporter Assay System (Promega). The vector pRL-TK served as an internal control. The luciferase activity was normalized to Renilla luciferase.
Knockdown of JAK2 and ERK1 genes
The siRNA (small interference RNA) sequences were as follows: JAK2: 5 0 -CAAGAGGGUUCAA AUGAAATT-3 0 ; ERK1: 5 0 -GGAUCAGCUCAACCACAUUTT-3 0 ; scraped siRNA: 5 0 -UUCUCCG AACGUGUCACGUTT-3 0 (Shanghai Gene Pharma, Shanghai, China). For the infection experiment, after transfection with JAK2-siRNA (50 nM) and ERK1-siRNA (50 nM), respectively, in the presence of 6 ll Lipofectamine 2000 for 42 h the AGS and SGC-7901 cells were infected with H. pylori NCTC11637 for an additional 6 h, and then harvested for further analysis. For the transfection experiment, the cells were co-transfected with 50 nM siRNA and 2 lg pcDNA3.1/cagA in the presence of 6 ll Lipofectamine 2000 for 48 h, and then harvested. The scraped siRNA served as control.
Transcription factor binding sites in the gastrin promoter Transcription factor binding sites in the gastrin promoter were analyzed with AliBaba2.1 (http://www.generegulation.com) and TESS (http://www.cbil.upenn.edu/ cgi-bin/tess).
Statistical analysis
Results are expressed as means ± SEM. Statistical treatment was performed with SPSS12.0 software (SPSS, Chicago, IL, USA). One-way analysis of variance (ANOVA) was used to analyze the data. Statistical significance was established at P \ 0.05.
Results
Characteristics of the expression vector pcDNA3.1/ cagA and luciferase reporter vector pGL/GP To study the relationship between CagA and gastrin expression, we constructed a eukaryotic expression vector containing the cagA gene, pcDNA3.1/cagA, and a luciferase reporter vector harboring the gastrin promoter, pGL/ GP. The two vectors were identified through sequencing.
The full-length of the cagA sequence was 3467 bp and the length of the gastrin promoter was 1347 bp located upstream from the first exon of gastrin mRNA. The two sequences have been submitted to GenBank and have accession numbers GQ161098 and HM151000, respectively.
Determining CagA in transfected and infected gastric cancer cells After the expression vector pcDNA3.1/cagA was successfully constructed, we transfected it into gastric cancer AGS and SGC-7901 cells. Alternatively, the two cells were infected with cagA-positive H. pylori NCTC11637. As shown in Fig. 1a, b , CagA was present in the transfected and infected cells as well as H. pylori NCTC11637. However, the phosphorylated CagA was only present in the infected cells and H. pylori NCTC11637, but was absent in the transfected cells (data not shown). Up-regulation of gastrin mRNA expression by CagA in gastric cancer cells
After the presence of CagA in the infected and transfected AGS and SGC-7901 cells was confirmed, we transfected the pGL/GP vector into the AGS and SGC-7901 cells. As shown in Fig. 2a , b, the luciferase activity was significantly increased in both the infected and transfected cells, suggesting that CagA can activate the gastrin promoter. Next, we wondered if CagA could up-regulate gastrin gene expression? The results showed that after the AGS and SGC-7901 cells, which constitutively express gastrin (Fig. 1c) , were infected with H. pylori NCTC11637 or transfected with the pcDNA3.1/cagA, the gastrin mRNA level was increased (Fig. 2c, d) , and both the relative luciferase activity and gastrin mRNA level were much higher in the transfected cells than in the infected cells, suggesting that CagA protein may be a very important factor in the induction of gastrin expression.
Effect of MEK/ERK-signaling inhibition on CagA-induced gastrin expression in gastric cancer cells To elucidate that the signaling pathway(s) mediated CagAinduced gastrin expression, we first confirmed the role of MEK/ERK-dependent signaling in this induction, because ERK kinase can be activated by CagA translocated into gastric epithelial cells after infection with H. pylori. In this study, after pretreatment with the MEK inhibitor U0126 (upstream activator of ERK), gastrin promoter activity and gastrin mRNA expression induced by H. pylori infection were significantly inhibited (Fig. 3a, c) . Similar results were also observed in cagA-transfected cells, and the inhibitory effect of U0126 was stronger in these cells (Fig. 3b, d) .
Next, we knocked-down ERK1 expression with ERK1-siRNA, and found that the knockdown of endogenous ERK1 expression resulted in the inhibition of CagAinduced gastrin mRNA expression in H. pylori-infected and cagA-transfected gastric cancer cells (Fig. 4) . Signal transducers and activators of transcription) pathway in vivo and in vitro. To find whether JAK-signaling participated in CagA-induced gastrin expression, the JAK2 inhibitor AG490 and JAK2-siRNA were used to treat the H. pylori-infected and cagA-transfected gastric cancer cells, and this resulted in the significant inhibition of luciferase activity and gastrin mRNA expression in the cells (Fig. 5) . Similar to the blocking of MEK/ERK signaling, the inhibitory effects of AG490 and JAK2-siRNA were much greater in cagA-transfected cells than in H. pylori-infected cells.
Transcription factor binding sites in gastrin promoter
AliBaba2.1 and TESS analysis indicated that there were 3 activator protein 1 (AP1), one cyclic adenosine monophosphate [cAMP] responsive element binding protein (CREB), 9 nuclear factor I (NF I), one nuclear factor kappa B NFjB, 38 sequence-specific transcription factor 1 (SP1), and 4 STAT binding sites in the gastrin promoter.
Discussion
Gastrin, a small-molecule polypeptide (molecular weight \4 kDa), has been proven to cause stomach cancer [9] . Hur et al. [10] found that the expression level of gastrin was high in gastric carcinoma tissues; and in patients with diffuse-type gastric carcinoma, the patients with positive gastrin had a poorer prognosis than the patients with negative gastrin, suggesting that gastrin is an autocrine growth factor in diffuse-type gastric carcinoma. Gastrin was also proven to be an independent predictor of gastric carcinoma in a multivariate analysis [11] . A recent report has indicated that the great majority of cells which express CD133 and CD44 also express gastrin precursors in human colorectal cancer samples and stem cell-like DLD-1 cell lines, suggesting that there may be gastrin expression in tumor stem cells, and that gastrin is associated with the invasion and metastases of gastrointestinal cancer [12] . Exogenous gastrin-17 can also promote the migration of human gastric cancer cells through the mixed lineage kinase-3/JNK1 axis [13] . These data demonstrate that gastrin is a crucial factor in the development and progression of gastric cancer. H. pylori infection is an important independent risk factor for gastric carcinogenesis. It has been confirmed that H. pylori infection can result in hypergastrinemia [14] . Asymptomatic patients with H. pylori colonization have elevated serum gastrin concentrations [15] , and following the eradication of H. pylori, there is a reduction of serum gastrin concentration in fasting patients [16] . In 2009, Takaishi et al. [17] found a marked effect of gastrin on carcinogenesis of both the gastric corpus and the antrum in mice with H. pylori infection, suggesting that gastrin and H. pylori are essential cofactors for carcinogenesis of the gastric corpus. However, the correlation between H. pylori infection and gastrin expression in gastric carcinogenesis has been unclear. Among the virulence factors of H. pylori, CagA protein is a crucially carcinogenic factor of gastric cancer. After infection with cagA-positive H. pylori, CagA protein is directly delivered into gastric epithelial cells via the type IV secretion system [10] . We also detected the presence of CagA protein in gastric cancer AGS and SGC-7901 cells infected with H. pylori NCTC11637 (Fig. 1b) .
Subsequently, we explored the possibility that the gastrin promoter is a transcriptional target of CagA in gastric cancer cells. We observed that either H. pylori infection or forced cagA expression significantly enhanced the transcription activity of the gastrin promoter and gastrin mRNA levels in gastric cancer cells (Fig. 2) , suggesting that CagA can up-regulate gastrin gene expression through activating the gastrin promoter. Furthermore, in our studies, both the relative luciferase activity and gastrin mRNA level in cagA-transfected cells were much higher than these values in H. pylori-infected cells (Fig. 2) , further demonstrating that CagA plays a crucial role in inducing gastrin expression. Similarly, CagA protein expression in the transfected cells, especially in AGS cells, was higher than that in the infected cells (Fig. 1a, b) .
Some researchers believe that after being translocated into gastric epithelial cells, CagA is phosphorylated on several specific tyrosine sites, EPIYA (Glu-Pro-Ile-TyrAla) sites, by Src family and Abl kinases, which may be an important mechanism of gastric carcinogenesis [18] .
However, other studies have confirmed that the translocated CagA plays a pathogenic role in a tyrosine-phosphorylated-independent manner. Our results showed that the tyrosine-phosphorylated CagA was present in H. pylori NCTC 11637 without having any contact with host cells and there was no significant difference between the levels of CagA and tyrosine-phosphorylated CagA in either NCTC11637 or infected cells (Fig. 1b) . The tyrosinephosphorylated CagA in the cells which transiently expressed CagA was not able to be detected (data not shown). These data suggest that CagA may up-regulate gastrin mRNA expression in a tyrosine-phosphorylationindependent manner. Recently, Suzuki et al. [19] have reported that the C-terminal region activity of CagA leads to epithelial proliferation and the proinflammatory response is associated with the development of chronic gastritis and gastric cancer. The translocated CagA can interact with several proteins in host cells, especially SHP-2 phosphatase, resulting in the activation of several signaling pathways, including the ERK/MAPK and JAK/STAT pathways [20] . SHP-2 can activate MEK/ERK and MAPK kinases by both Rasdependent and Ras-independent mechanisms [21] . Higashi et al. [22] have also found that ERK is activated by CagA via SHP-2 recruitment and activation in AGS cells. Similarly, CagA expression in gastric epithelial cells results in sustained ERK MAP kinase activation [23] . The research of Zhu et al. [24] further confirms that the transformation of immortalized gastric epithelial cells is induced by CagA via the ERK/MAPK pathway. Activated ERK protein enters the cell nucleus to activate important tumor-related transcription factors such as AP1, CREB, NF I, NFjB, SP1, and myelocytomatosis viral oncogene homolog (MYC) [25] . Our analysis indicated that there were 3 AP1, one CREB, 9 NF I, one NFjB, 38 SP1, and 4 STAT binding sites in the gastrin promoter. These binding sites can mediate the combination of ERK with the gastrin promoter.
Besides the MEK/ERK signaling pathway, CagA can also activate the STAT3 signaling pathway in vitro and in vivo, providing a potential mechanism by which chronic H. pylori infection promotes the development of gastric cancer [26] . The SHP-2 phosphatase can also induce the activation of the JAK/STAT signaling pathway [27] . The gastrin promoter also has 4 STAT binding sites. We also found that the activation of the MEK/ERK and JAK/STAT signaling pathways was likely to be associated with CagAinduced high expression of gastrin in gastric cancer cells, because the two pathway inhibitors, U0126 and AG490, and ERK1 and JAK2-siRNA all significantly inhibited CagA-induced gastrin promoter activation and gastrin mRNA expression (Figs. 3, 4, 5) , and their inhibitory effects were more powerful in the cagA-transfected cells.
Gastric cancer is a common malignant gastrointestinal tumor in Asia. It comes second in global cancer mortality. H. pylori infection is the initial factor of gastric cancer. Based on our experimental results, we speculate that after gastric epithelial cells are infected by H. pylori, CagA starts the MEK/ERK and JAK/STAT signaling pathways to activate tumor-related transcription factors such as AP1, CREB, NFjB, and STAT, which combine with their corresponding binding sites in the gastrin promoter, leading to the up-regulation of gastrin mRNA expression. Gastrin combines with gastrin receptors and forms an autocrine loop which stimulates cellular proliferation, resulting in stomach carcinogenesis. This may be a main cause of stomach carcinogenesis and may become a new treatment target in gastric cancer.
In summary, our study suggests that the gastrin promoter may be the transcriptional target of CagA, and that CagA can activate the gastrin promoter to up-regulate gastrin mRNA expression in gastric cancer cells. The activation of the MEK/ERK and JAK signaling pathways may be involved in this mechanism by the connection of binding elements for ERK targets with STAT binding sites in the gastrin promoter. Our study will help to further explore the mediator in the development of gastric cancer caused by H. pylori infection and the search for treatment targets of gastric cancer.
